Introduction
The Australian estuaries and shelf seas are significantly impacted by high year-to-year rainfall variability, a dry climate in comparison to that of other continents, and the fact that about 80 % of Australia's population resides in coastal regions and uses estuaries and their catchments for commercial (e.g. farming, fishing, aquaculture, coastal development) and non-commercial (e.g. recreation, tourism) purposes. In dry climates or during drought conditions, estuaries and larger coastal embayments are often characterised by a negative circulation, with inflow at the surface and outflow of high salinity water at the bottom. Such systems have been found in Australia (e.g. Wolanski 1986 , Nunes and Lennon 1986 , de Silva Samarasinghe and Lennon 1987 , Burling et al. 1999 , de Silva Samarasinghe et al. 2003 and studied in other parts of the world (e.g. Lavin et al. 1998; de Castro et al 2004) . In this paper, first insight into the physical oceanographic conditions from an early spring hydrographic survey of Hervey Bay, located off the coast of central eastern Australia, and its physical settings is provided. Middelton et al. (1994) lacked observational evidence in support of their hypothesis that Hervey Bay potentially exports high salinity water formed through a combination of heat loss, high evaporation and weak freshwater input in shallow regions of the bay. The data presented in this paper together with the application of a simple model provide this evidence and support the notion that a local water mass formation process exists within Hervey Bay.
Systematic research into the circulation of Hervey Bay is lacking and most recent studies focus on aspects that underpin the importance of the Bay as a marine ecological system and whale sanctuary. Hervey Bay is a resting place for several thousand Humpback whales that migrate between the southern and tropical oceans annually (Chaloupka et al 1999) . Moss and Kocovski (1998) implemented a long-term chlorophyll-a monitoring program within the bay during the whale watch season. The region is also home to a large number of dugongs and sea turtles that were listed as vulnerable to extinction by the International Council for the Conservation of Nature and Natural Resources. Severe weather events and extreme high river-runoff led to a major sea grass loss and impacted adversely upon the dugong population in the past (Preen 1995 , Preen and Marsh 1995 highlighting the regions vulnerability to extreme physical climatic events. Sea grass recovery was monitored for several years (Campbell and McKenzie, 2004) . The subtropical water of Hervey Bay is also a spawning region for temperate pelagic fish (Ward et al. 2003) and supports a fisheries industry that is worth several tenths of millions of dollars with aquaculture developing recently into a significant industry (ABARE 2004) . Coastal population growth in the Hervey Bay region is exceptional and was one of the largest in Australia during the last 10 years (LPG 2004) , placing further pressure on an important ecological system.
Many of the previous studies have in common that they were conducted without any or only limited consideration of the general physical, oceanographic or climatological conditions in the bay and the impact these might have upon sampling strategies and environmental monitoring programs. Yet, the physical conditions within a coastal embayment and estuaries are clearly key determinants of marine ecological systems and interact with biological, chemical and sedimentary processes. Clear knowledge of the physical marine processes, the estuarine classification of the bay in oceanographic terms and the impact of natural climatic variability and climatic trends through changes in rainfall, river runoff, sea temperature and wind, for example, is lacking for a marine environment that is clearly unique. 
Site characteristics and method
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The climate of the region is classed as subtropical with no distinct dry period (Stern et al. 2000) . Rainfall is at a maximum from about January to April with an approximate Marshall. Sample locations are indicated in Figure 1 and were spaced at about 5 nautical mile intervals in both north to south and west to east direction. These data provide a first comprehensive insight into the physical settings of Hervey Bay complementing earlier oceanographic studies that were conducted outside the bay (e.g. Middelton et al. 1994 ).
Results and discussion
In this section, firstly the temperature and salinity observations recorded during the hydrographic survey are presented and discussed. Secondly, a simple model is presented that considers the balance between evaporation and river runoff in forcing a residual internal circulation driven primarily by the production of high salinity water in shallow coastal near-shore regions (Wolanski 1986; de Silva Samarasinghe and Lennon 1987) . Other processes such as the inertial and frictional forces, winds, tides and Earth rotation are certainly important when investigating details of the threedimensional circulation of estuaries and coastal embayments (e.g. Fischer 1976 , Kasai et al. 2000 . Yet, it is the observed salinity distribution, which is consistent with that of an inverse estuary and justifies in the first instance, the application of a simple twolayer box model to investigate some of the basic physical properties of the bay. 6
Observed temperature and salinity distribution
The depth-averaged distributions for temperature and salinity are shown in Figure 2 and Figure covering the northeast region of the survey area. In the northeast part of the survey region warm, low-salinity water extends to depth of about 6-7 m. The surface layer resides above colder but saltier water. An increase of salinity through the water 7 column and toward the most southern part of the survey during day one was observed with salinity lower in the surface layer than in the bottom layer throughout the bay.
The structure of a two layer system, with salinity high in the bottom layer, is consistent with that of an inverse estuary.
[Insert Figure Due to a lack of observations in Hervey Bay and off the central Queensland continental shelf, it is difficult to assess how the September 2004 survey compares to average seasonal conditions in the region. In addition to the survey reported by Middelton et al. (1994) , other data available comes from the weekly averaged SST AVHRR (courtesy of Dr. D. Griffin, see above but not show here). The 10-year record (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) indicates that SST can vary from year to year and for any particular month by about 3-4 o C. Since river runoff and precipitation is highly variable, mean monthly sea surface salinity may vary as well, particularly, in near shore regions. However, no detailed information is available and future research should focus upon seasonal observations carried out over a period of years.
A simple model
The balance between evaporation (E) and river runoff (F) determines the inverse nature of an estuary (Wolanski 1986; de Silva Samarasinghe and Lennon 1987) . Since Australia's climate and rainfall is highly variable, changes in the E-F balance could frequently lead to a reorganisation of the mean circulation within embayments such as Hervey Bay and smaller estuaries, in particular during the dry season. In the following sections a simple box model, similar to that used by Wolanski (1986) , is applied in order to discuss physical characteristics of Hervey Bay and estimate salt production, flushing time and mixing. In order to assess likely changes in the inverse nature and physical characteristics that were observed during the September 2004 cruise, the balance equations for water (1) and salt (2) were employed: s -1 ), S 1 is the open ocean salinity (~35.7, depth averaged), S 2 is the salinity of the maximum zone in the southwest region of the bay (~36.5, depth averaged). The balance equations (1) and (2) yield the condition for an inverse circulation when E > F (Wolanski, 1986), i.e. saltier and denser water flows toward the ocean below a fresher surface layer. Middelton et al. (1994) already argued this to be the case. s -1 , and 20 % were larger than 88.9 m 3. s -1 . Over the same period, rainfall trends in parts of eastern Australia were negative. Southeast coastal Queensland was and still is characterised by a 'drying' trend (Manins et al. 2001) .
This contributes to a decline in freshwater discharges over the same period. The residence time τ for the excess salt discharged into the bay due to evaporation can be defined as the ratio of the excess salt content over a background (i.e. the oceanic level) to the salt outflow from the bay (Wolanski 1986, de Silva Samarasinghe and Lennon 1987) . It follows that:
This yields a value of about τ = 89 days using the mean evaporation rate. A range of τ = 64 days to τ = 149 days is computed using the minimum and maximum values for e. This is in the order of 3-5 months and similar to the mean residence times that were estimated by Wolanski (1986) and Lennon (1987) for several other Australian inverse estuaries from which quasi steady-state conditions for the period of the Hervey Bay survey follow. The eddy diffusivity coefficient is estimated following the procedure used by Wolanski (1986) . It yields a coefficient which is smaller than that found by Wolanski (1986) , but of similar order of magnitude, i.e. ~10 3 , i.e. the internal circulation provides a measurable contribution to the flushing of Hervey Bay during low runoff periods. The historical relationship of the evaporation and runoff record indicates that these conditions may prevail for most of the time. It is likely that these have been enhanced in the last 2-3 decades due to a decline in rainfall and persistent drought conditions in the region.
Conclusion
The analysis of data from a four-day field survey of Hervey Bay during September 2004, allowed tracking the possible source for locally produced high salinity water to the shallow southwest coastal region of the bay. This water is supplied to the East Australia Current (EAC) system off Fraser Island and was observed initially by Middelton et al. (1994) . Middelton et al. (1994) 
